Using molecular dynamics simulations, we find a reversible transition between the dispersion and aggregation states of solute molecules in aqueous solutions confined in nanoscale geometry, which is not observed in macroscopic systems. The nanoscale confinement also leads to a significant increase of the critical aggregation concentration (CAC). A theoretical model based on Gibbs free energy calculation is developed to describe the simulation results. It indicates that the reversible state transition is attributed to the low free energy barrier (of order k B T) in between two energy minima corresponding to the dispersion and aggregation states, and the enhancement of the CAC results from the fact that at lower concentrations the number of solute molecules is not large enough to allow the formation of a stable cluster in the confined systems. The association state of solute molecules in aqueous solutions has fundamental importance in a large variety of physical and biological processes [1] [2] [3] [4] [5] [6] [7] . For instance, whether solute molecules are in the dissolved or aggregated states can strongly affect the reaction efficiency of chemical catalysis [8] [9] [10] [11] and the functions of proteins [12, 13] . The technological importance of the solute association state has also drawn extensive attention in the study of the toxicity of nanomaterials in biological cells or tissues [14, 15] , the fabrication of polymer nanocomposites [16] , and the synthetic controlling of oxide nanomaterials [17] . In macroscopic systems, a solute molecule stays in either a stable dispersed phase or a stable aggregated phase, with some exceptions in a critical supersaturation phase [5] .
The association state of solute molecules in aqueous solutions has fundamental importance in a large variety of physical and biological processes [1] [2] [3] [4] [5] [6] [7] . For instance, whether solute molecules are in the dissolved or aggregated states can strongly affect the reaction efficiency of chemical catalysis [8] [9] [10] [11] and the functions of proteins [12, 13] . The technological importance of the solute association state has also drawn extensive attention in the study of the toxicity of nanomaterials in biological cells or tissues [14, 15] , the fabrication of polymer nanocomposites [16] , and the synthetic controlling of oxide nanomaterials [17] . In macroscopic systems, a solute molecule stays in either a stable dispersed phase or a stable aggregated phase, with some exceptions in a critical supersaturation phase [5] .
Systems at nanoscales usually demonstrate physical behavior qualitatively different from that of macroscale systems, such as the incomplete local mixing in an alcoholwater mixture [3] , the extra-fast flow [18, 19] or gating [20, 21] through nanochannels, and the surface wetting or dewetting behavior [22] [23] [24] [25] [26] . Nanoscale aqueous systems widely exist in biological tissues and other natural materials as well as in modern technological applications, such as the nanoscale spaces confined in between two and more biomolecules [27] and the nanoscale channels in rock gaps [28] . However, the understanding of solute aggregation behavior at nanometer sizes is still poor, although there have been extensive theoretical [29] [30] [31] [32] and experimental [33, 34] studies of systems at micrometer scales.
In this Letter, we used molecular dynamics (MD) simulations to study the aggregation behavior of aqueous solutions confined in nanoscale geometry. These simulations revealed the existence of a reversible transition between the dispersion and aggregation states of solute molecules and an enhancement of the critical aggregation concentration (CAC) in the nanoconfined systems. A theoretical model based on Gibbs free energy calculation has been proposed to interpret these distinguishing observations.
Our simulation systems consisted of various numbers of solute molecules, including pentanols (N ¼ 8, 13, 15, 17, 19, 21, 25) and hexanols (N ¼ 7, 10, 13, 15, 17), which were initially solvated in a cubic box of dimensions 5.20 × 5.20 × 5.20 nm 3 containing N water ¼ 3101 water molecules, as shown in Fig. 1(a) . All MD simulations were performed in the canonical (NVT) ensemble using GROMACS 4.5.4 [35] . A constant temperature of T ¼ 300 K was maintained by the v-rescale method with a coupling time of 0.1 ps. The average pressure in the box was ∼1 atm (details see PS9 in the Supplemental Material [36] ). The confinement boundaries in all six directions were constructed by water walls of about 5 Å thick in which the oxygen atoms were restrained at their lattice sites by harmonic potentials. The time step was 1.0 fs and simulation data were collected every 1 ps. The particle-mesh Ewald method with a real space cutoff of 1.2 nm was used to treat the long-range electrostatic interactions, whereas the van der Waals (vdW) interactions were truncated at a cutoff distance of 1.2 nm. The GROMOS force field [37] and extended simple point charge water model were used. We denoted the CH 3 or CH 2 groups by "C" and treated them as the same entity with the Lennard-Jones parameters ϵ CC ¼ 0.14 kcal=mol and σ CC ¼ 3.97 Å. ϵ OO ¼ 0.17 kcal=mol and σ OO ¼ 3.12 Å. We used Stillinger's criterion [38] to define the aggregation state (for details see PS10 in the Supplemental Material [36] ), in which two molecules were assumed to belong to the same cluster if any two C atoms from these molecules were at a distance less than R d ¼ 1.5σ CC ≈ 6 Å [39] . Figure 1 (a) presents some representative snapshots of the system with N ¼ 17 at various times. Starting from a dispersion state with completely separated solute molecules at t ¼ 45 ns, a cluster appears at later times, whose size increases gradually at t ¼ 84 and 116 ns and finally reaches a value of 17, corresponding to a fully aggregated state. To our surprise, different from what would be expected in the macroscopic systems, as time further increases, the size of the cluster decreases at t ¼ 143 and 162 ns, and goes back to the fully dispersed state again at t ¼ 180 ns. This clearly indicates that in the nanoconfined system the state of the solute molecules can reversibly change in between the dispersion and aggregation states. In Fig. 1(b) , we show the aggregation number of the largest cluster in the system n LC as a function of time. It can be seen that n LC fluctuates in between two plateau values n LC ¼ 2 and 13 in a stepwise manner over a time period of 400 ns. For comparison, simulation results for the cases of N ¼ 8 and 25 are also shown in Fig. 1(b) . Over the entire period of simulation time, n LC is about 2 for N ¼ 8 and about 22 for N ¼ 25, indicating that the solute molecules are either in a single dispersed state for N ¼ 8 or in a single aggregated state for N ¼ 25, rather than switching in between these two states. For convenience, we denote the value of n LC at the probability peaks as n MPC . As shown in Fig. 1(c) , when N is relatively small or large enough, there is only one peak in the probability distribution curve as n MPC ¼ 2 for N ¼ 8 and n MPC ¼ 22 for N ¼ 25, corresponding to the single stable dispersion or aggregation state, respectively. For N ¼ 17, there is a valley with a minimum at n LC ¼ 6 between the peaks at n MPC ¼ 4 and 13. We thus consider the system in a dispersion state when n LC ≤ 6 and in an aggregation state if n LC > 6. We note that the probability magnitude between these two peaks is still considerably large, reflecting that the switch between the dispersion and aggregation states does not occur abruptly, as can be seen in Fig. 1(b) . The wide probability distribution of n LC values marks the variation of the cluster size during the transition process. We have analyzed the density distribution functions ρðrÞ of various atoms in the typical stable aggregation state for N ¼ 25 and the metastable aggregation state for N ¼ 17. As shown in Fig. 1(e) , the C atoms on the hydrophobic tails of the pentanol molecules prefer to stay in the internal region of the clusters and the oxygen atoms on the hydrophilic heads like to stay in the external region of the clusters. The considerably wide intervals between the density distribution function peaks of the C atoms and the oxygen atoms on hydrophilic heads, 0.45 to 0. We note that the CAC of pentanol is 0.25 mol=l at the macroscopic scale. But in the confined geometry, the CAC value, which is defined as the concentration at the crossover point of N ¼ 21 between the second and third regimes in Fig. 1(d) , is much larger, given to be 0.47 mol=l as computed from N ¼ 21 and N water ¼ 3101.
To further explore the system size effect on the aggregation behavior, we performed additional simulations for enlarged systems, using the number of water molecules N water ¼ 6202 and N water ¼ 9303, respectively (see details in PS3 in the Supplemental Material [36] ). Again we found the reversible state transition for the systems with N ¼ 24 in N water ¼ 6202 and N ¼ 37 in N water ¼ 9303, while at higher solute concentrations most of the molecules form a single cluster, e.g., in the cases of N ¼ 26 in N water ¼ 6202 and N ¼ 40 in N water ¼ 9303, respectively. The corresponding CAC values are found to be 0.277 and 0.283 mol=l. Those values together with the CAC of 0.47 mol=l for the system with N water ¼ 3101 show that the CAC decreases as the size of the system increases.
The existence of the reversible state transition might be universal. We have studied another solute molecule, hexanol, and performed MD simulations in which all the other settings were unchanged from that used in Figs. 1(a)-1(c) . As shown in Fig. 1(d) the reversible state transition in such systems happened for N ¼ 10.
Now we construct a theoretical model to describe the state transition behavior of an aqueous solution confined at nanoscale. We assume that the solute molecules can be classified into two groups: one group consisting of n molecules that aggregate into a single cluster, and the other group consisting of n f dispersed molecules, under the restriction of n þ n f ¼ N. According to the chemical equilibrium condition that rules the balance between these two groups of molecules, the functional relation between n and N, namely, nðNÞ, can be written as follows (detailed derivations can be found in PS5 in the Supplemental Material [36] ): 8π
The Gibbs free energy G of the joint system is
where the terms inside the curly brackets are the surface energy contributions from the hydrophobic tails (−C 4 H 9 for pentanol or −C 5 H 11 for hexanol) on the surface of the cluster. The second term corresponds to the transferring energy of the hydrophobic tails from the water environment into the cluster interior [40] , the third term is the free energy cost for attaching the hydrophilic heads (−CH 2 OH) of the pentanol or hexanol molecules to the hydrophobic tails, and the fourth term is the free energy of the dispersed molecules [29] . γ w∞ and γ hw∞ are the macroscopic interfacial tension coefficients for the water-vapor and hydrophobic-tail-water [40] ; δ hw and δ w are Tolman lengths [41, 42] characterizing the deviations of interfacial tensions from the corresponding macroscopic values; υ m is the single molecule volume with the width and length of the hydrophobic tail denoted by a and l; −Δμ transfer is the transferring energy of a single hydrophobic tail from the water into the hydrophobic parts of the cluster [40] ; V is the volume of the system excluding the walls; and B is a free constant from the chemical potential of the dispersed molecules. Here, the confinement effect mainly comes from the limited number of solute and the limited volume (for details see PS12 in the Supplemental Material [36] ). It should also be noted that, different from the theories for surfactant micelles [e. g., Ref. [40] ], for the cluster studied here, the area of the hydrophilic heads on the cluster surface has been excluded from the hydrophobic-tail-water interface, and the Tolman length has been introduced to characterize the microscopic interfacial tension.
For the aqueous solutions of pentanol we solve Eq. (1) using the parameter γ hw∞ ¼ 49.53 mN=m (for details see PS4 in the Supplemental Material [36] ). The dimensions of the hydrophobic tail are taken to be a ¼ 2. Fig. 1(d) and the average value hn LC i. Similar results were achieved for larger systems as reported in the Supplemental Material [36] . Moreover, we have also observed the good agreement between theoretical and simulation data in the case of hexanol [see Fig. 1(d) ]. There the input parameters are taken to be γ hw∞ ¼ 52.93 mN=m (see PS4 in the Supplemental Material [36] ), a ¼ 2.60 and l ¼ 7.27 Å, and the fitted parameters are δ hw ¼ 0.99 Å, b ¼ 0.02, and −Δμ transfer − B ¼ −6.82k B T.
In Fig. 1(c) , we also show the Gibbs free energy calculated from Eq. (2) for the pentanol system as a function of n LC . For N ¼ 17, there are two local minimum values and one maximum value. The two minima correspond to the two states of n ≈ 1 and n ≈ 11, respectively. Those values are very close to the values of n MPC ¼ 4 and 13 obtained from MD simulations. Interestingly, the energy barrier between those two minima is only 1.73k B T, which allows the transition between the two states to occur under thermal fluctuations and is therefore the physical origin of the simulation observations. In contrast, for N ¼ 8 and 25 there is only one minimum in each free energy curve, consistent with the single state of dispersion (N ¼ 8) or aggregation (N ¼ 25) observed in the MD simulations. Figure 2 presents the solute concentrations at which the reversible state transition occurs with respect to the number of water molecules N water in the system. We can see that the range of such concentrations represented by the length of the vertical lines shrinks as the size of the system increases. This implies that the reversible state transition is more difficult to be observed in larger confined systems and should vanish at macroscopic scales. When getting the results in Fig. 2 we have used an energy criterion for judging the existence of the reversible state transition, that is, the free energy barrier between the dispersion and aggregation states is less than 5k B T. It is noted that in our model the cluster is assumed to take a spherical shape, which limits the total number of solute molecules that can be accommodated. For pentanol this upper limit is around 55. That may lead to large error bars for the predictions made for n LC close to 55, and is probably the reason for the state transition concentration range predicted for N water ¼ 9303 being lower than the macroscopic CAC value.
In summary, we have shown a reversible dispersionaggregation state transition and an enhancement of the critical aggregation concentration in aqueous solutions confined at nanoscale. We note that the reversible state transition has never been reported under nanoconfined geometry despite extensive theoretical, simulation, and experimental works on the association behavior of molecules and colloidal particles.
The importance of this work can be seen from the fact that the confinement of aqueous solutions at nanoscale occurs very frequently in both biological and natural environments. For example, the aggregation of ligand molecules in confined space may prevent the binding between functional hydrophobic groups and proteins. The possible toxicity of SWCNTs also depends on whether they are dispersed or aggregated [14] . Oil usually exists in nanoscale space in the underground rock, and the aggregation property of the injected amphiphilic surfactant molecules will reduce the efficiency of oil extraction [43] . In the nanoporous media-soil, the aggregation process of minerals or nanoparticles can initiate the restoration of the carbon element and improves the activity of the soil [44] . 
